1. In the rat hypothalamic arcuate nucleus, estradiol induces coordinated changes in the number of axosomatic synapses, the amount of glial ensheathing, and the ultrastructure of the membrane of neuronal somas. In the present study we used conventional electron microscopy and freeze-fracture to examine cellular mechanisms responsible for the estradiol-induced chages at the membrane level.
INTRODUCTION
Reproduction in vertebrates requires sex-specific behavior and gamete maturation/shedding (Naftolin, 1981) . In vertebrates gonadal steroids exert organizational effects in the developing nervous system that result in sexually dimorphic cellular and synaptic patterns in different brain areas (Arnold and Gorski, 1984; Matsumoto, 1991; Garcia-Segura et al., 1994a ) that may be responsible for sexually differentiated behavior and neuroendocrine functions. The data in the literature show several examples of gender differences in the number Of neurons and in the volume of certain brain areas and nuclei. In the last decade it has become clear that sexual dimorphism also exists at the level of synaptic connectivity. Sex differences in the number of synaptic contacts have been shown in the hypothalamic arcuate (Matsumoto and Arai, 1980; Prrez et al., 1990) , suprachiasmatic (Gttldner, 1982) , and ventromedial nuclei (Matsumoto and Arai, 1986) in the preoptic area (Raisman and Field, 1973) and in the hippocampal formation (Madeira et al., 1991; P~rducz and Garcia-Segura, 1993 ).
More recent data have shown that hormonal effects on synaptic connectivity are not limited to developmental stages (Matsumoto, 1991; Garcia-Segura et al., 1994a) . For instance, gonadal steroids may modify dendritic spine density in hippocampal pyramidal cells and in ventromedial hypothalamic neurons of adult rats Frankfurt et al., 1990) , suggesting a modulation of synaptic inputs to these cells. Furthermore, direct counts of synapses in adult animals have revealed that testosterone affects the number of synaptic inputs to motoneurons in male rats (Leedy et al., 1987) and that ovariectomy or estrogen modulate the number of axosomatic synaptic contacts on hypothalamic neurons of female rats and monkeys (Garcia-Segura et al., 1986; Witkin et al., 1991; Naftolin et al., 1993) .
In the arcuate nucleus the number of axosomatic synapses fluctuates during the ovarian cycle and experiments on ovariectomized animals clearly show that estradiol plays a decisive role in this phenomenon. It was found that 24 hr after estrogen treatment, there is a significant decrease in the number of axosomatic synapses (Pdrez et al., 1993) . Moreover, by using postembedding electron microscopic immunocytochemistry, we demonstrated that the effect of the hormone is specific, GABAergic synapses were affected preferentially following estradiol treatment (P~ducz et aL, 1993) . About 64% of the axosomatic synapses have GABA immunoreactivity and the number of this subpopulation is significantly lower after estradiot treatment. During estradiol-induced synaptic remodelling in the arcuate nucleus, we have observed prominent morphological modifications of arcuate glial cells as well. The surface density of GFAPimmunoreactive cell processes and the proportion of neuronal perikaryal membrane covered by glia were increased in the afternoon of proestrus and morning of estrus. We could demonstrate similar rapid and reversible glial alterations in ovariectomized rats following estradiol injection (Garcia-Segura et al., 1994b) .
The estrogen-induced, coordinated synaptic and glial changes in the arcuate nucleus are preceded and accompanied by dramatic modifications in the ultrastructure of the neuronal plasma membrane. The number of small intramembrane protein particles in the plasma membrane of the soma of arcuate neurons decreases in the morning of proestrus and remains decreased in the morning of estrus compared to the day of diestrus, while a delayed increase in the density of large (>10-nm) particles is also seen (Garcia-Segura et al., 1988a) .
It is therefore possible that the hormonal induction of synaptic plasticity may be, at least in part, the result of an effect of estradiol on the distribution/internalization of adhesion or recognition moleccules in neuronal membranes. In that case, coated vesicles would be the cell organelles which may transport these molecules to and from the membranes (Farquhar, 1983) . To test this hypothesis we performed experiments to determine if there is a change in the number of coated vesicles and coated pits following estrogen treatment, i.e., during synaptic remodeling.
MATERIALS AND METHODS
Adult female wistar rats raised on a 12:12-hr light-dark schedule were ovariectomized at 2 months of age. One month later, these rats were s.c. injected either with 100/.tg/100 g body weight of 17/3-estradiol dissolved in sesame oil or with the oil vehicle. Animals were studied either at the time of injection (0 min), or 10, 25, 30, or 60rain, or 24hr after the injection. Under deep Nembutal anesthesia (35mg/kg body weight), they were fixed by perfusion with 1% glutaraldehyde and 1% paraformaldehyde in phosphate buffer at 4°C. Coronal sections (200/zm) were obtained with an Oxford Vibratome and the area of the arcuate nucleus was cut out. These small pieces of tissue were postfixed in 1% Millonig-buffered OsO4, dehydrated, and flat embedded in Araldite. Three blocks were randomly selected from each animal and trimmed. Ribbons of ultrathin sections were collected on formvar-coated, one-slot nickel grids.
For the postembedding GABA immunocytochemistry, a modification of the method of Somogyi and Hodgson (1985) was used. The primary antiserum was a gift of P. Somogyi. After the immunocytochemical procedure, the sections were stained with uranyl acetate and lead citrate and viewed with a Zeiss EM 902 electron microscope. To increase the effectiveness of the morphometric measurements, we have written software for our IBAS image analyzing system which makes on-line measurements possible. From each animal 15 complete neuronal perikaryal profiles were studied. For the statistical analysis we utilized the Sigmaplot program.
For freeze-fracture the arcuate nucleus samples fixed with 1% glutaraldehyde and 1% paraformaldehyde in phosphate buffer were washed overnight in buffer and then soaked for 2 hr in 0.1 M phosphate buffer, pH 7.4, containing 20% glycerol. The material was frozen in Freon 22 cooled with liquid nitrogen, fractured, and replicated in a Balzers 400D apparatus. A total of three to six replicas was prepared from each animal. The exoendocytotic images in freezefracture replicas were counted within a test square grid superimposed on photographic prints. The number of exoendocytotic images was evaluted in the protoplasmic (P)-face; at least 15 terminals and 75/zm 2 of Surface were evaluated for each experimental condition. To avoid errors in counting due to variations in the radius of curvature of the membranes, the calculation for the correct size of the test grid was carried out as described earlier (Garcia-Segura and Perrelet, 1984) . For a given replica, no presynaptic membranes were rejected on criteria other than unsatisfactory shadowing.
RESULTS
Using on-line video monitored electron microscopy, neurons from the arcuate nucleus of animals 24 hr after estradiol injection were randomly selected for study. The length of the perimeter and the number of GABA-immunopositive and GABA-immunonegative synapses, coated vesicles, and coated pits were determined for each profile. In agreement with our previous results, the proportion of axosomatic GABA-immunopositive synapses in control animals is about 60% and the estradiol treatment resulted in a significant lowering of this population. The number/1000/zm perineuronal membrane decreased from 72.5 + 3.2 to 49 + 11.5 (P < 0.05). We observed coated vesicles in the cytoplasm of the arcuate neurons and coated pits, i.e., vesicles in different phases of fusion with the plasma membrane (Figs. 1A and B. ). For statistical comparison we counted only those coated vesicles which were in close vicinity (less than 500 nm) to the neuronal membrane. The coated pits appeared to show no preference concerning their localization; there seemed as many per unit length in the membranes opposing astrocytic processes as were connected to postsynaptic densities of synapses; however, this was not analyzed for statistical significance (Fig. 1C) .
Freeze-fracture studies performed on the 10, 25, 30, and 60rain and 24hr postinjection material revealed membrane changes clearly indicating estrogenaugmented exoendocytotic activity of arcuate neurons (Fig. 2) . There was an increase in the number of P-face pits by 25 min following the injection of 17/3-estradiol, which reached a plateau by 30 rain and remained at that level at 24 hr (Fig. 3) .
The combined results of analysis of both conventional electron microscopy and freeze-fracture data are summarized in Fig. 4 . The data clearly demonstrate that at 24 hr the estradiol-induced changes in synaptic connections in the arcuate nucleus neurons is accompanied by increased exoendocytotic activity of the neuronal membranes. 
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DISCUSSION
In the present study we confirmed the effect on arcuate membranes and synapses of estradiol in amounts expected to produce proestrus levels of this h o r m o n e within hours of injection (P~rducz et al., 1993) . As previously, the main decrease was in GABAergic synapses. However, the large standard deviation and lowered mean of unstained, i.e., non-GABAergic synapses at 24 hr could indicate Minutes that other subsets of synaptic connections were also affected (Lewis and Naftolin, 1994) . Previous studies have clearly shown that gonadal steroids induce complex changes in the nervous system which result in a periodic remodeling of synaptic connections in certain brain areas . The observed fluctuations in the number of axosomatic synapses in the hypothalamic arcuate nucleus are accompanied by complementary modification in the glial ensheathing of neurons. During the estrous cycle or in response to experimental changes in estradiol, when the neuronal membrane surface covered by synapses is decreasing, that covered by astrocytes is increasing (Garcia-Segura et al., 1994b) . This indicates that the modulation of synaptic density involves not only the pre-and postsynaptic elements, but also glial cells. At present we do not have enough information to decide which of these coordinated changes are causally connected, but our data support the hypothesis that modifications of the neuronal membranes play a decisive role in this process. It is known from earlier studies that membranes of the arcuate neurons exhibit gender differences, with the number of intramembrane particles (IMP) differing between male and female rats (Garcia-Segura et at, 1985) . There is remarkable structural remodelling of the neuronal membrane observed during the ovarian cycle, following estradiol treatment and in aged rats Naftolin et al., 1990) . Since small intramembrane particles in arcuate neuronal somas bind concanavalin A and may represent glycoproteins involved in cellular recognition , the modification in the intramembrane particle content may be related to the plastic modifications of neuroglial and synaptic interactions.
As far as the cellular mechanisms are concerned, it is generally accepted that coated vesicles participate in the transport and recycling of plasma membrane components (Farquhar, 1983) . Some authors consider these organelles to be of endocytotic origin (e.g., receptor-mediated endocytosis) during which macromolecules enter the cell after binding to receptors on the plasma membrane and are internalized in clathrin-coated vesicles (Goldstein et al., 1979) . It has been shown that several macromolecules, like acetylcholine receptors and/3-adrenergic receptors, are indeed internalized and recycled after incorporation into the plasma membrane (Silva et al., 1986) . Other data support the notion that these vesicles play a role in exocytotic processes; coated pits indicate this outward transport by showing the fusion of coated vesicles with the plasma lemma. This is in agreement with earlier morphological observations which claimed that coated vesicles have an important role during synaptogenesis by contributing specialized membranes at junctional sites of the pre-and postsynaptic elements (Altman, 1971) .
We must consider the possibility that such a mechanism might be active during hormone-induced synaptic changes, since we found synapses in which the coated pits were fusing with the postsynaptic density. A similar observation was reported recently by Calverley and Jones (1987) , who interpreted their findings as intermediate structures in the process of synapse remodeling. In the case of the arcuate nucleus, our previous morphometric data using freeze-fracture techniques support this notion P~rducz et al., 1993) .
In the present study we have provided the first transmission electron microscopic evidence for the participation of coated vesicles and pits in the plasma membrane turnover of the arcuate neurons. In previous studies when physiological or experimental membrane modification was induced by hormones, the changes in the number of IMPs were accompanied by increased exoendocytotic activity. Changes in the number of pits were observed during the sexual differentiation of IMP content in rats of both sexes and in androgenized females following a single injection of testosterone propionate on the day of birth (Garcia-Segura et al., 1988b) . As well, the numerical density of exoendocytotic images fluctuates during the different stages of the ovarian cycle (Garcia-Segura et al., 1988a) . Estradiol, applied to hypothalamic slices or in ovariectomized animals, has a dose-related, reversible, and rapid effect . According to the present results a significant increase was seen in the number of pits within a few minutes of estradiol treatment.
The increase in the number of exoendocytotic images appears to be, at least in part, related to an increased membrane internalization since estradiol induces a rapid increase in the endocytotic uptake of extracellular markers . It is known that the arcuate nucleus is one of the brain areas where the expression of the polysialylated isoform of neural cell adhesion molecule (PSA-N-CAM) persists in adult animals (Theodosis et al., 1991; Bonfanti et al., 1992) . The presence of this molecule is thought to contribute to the capacity for the observed neuroglial plasticity, therefore its removal from the membrane might induce changes in the intercellular connections. The possibility that such a cellular mechanism, perhaps with several cell-adhesion molecules has a role in this process is further supported by recent experimental data. Bailey et al. (1992) showed that the long-term facilitation of synaptic efficacy in Aplysia is associated with a decrease in cell adhesion molecules (apCAM). With immunolabeling the authors demonstrated that this was achieved by internalization and apparent degradation of apCAM. Our preliminary evaluation also indicated that besides the increase in the number of coated vesicles and pits, there is also a proliferation in the Golgi region (data not shown). Further experiments are in progress to determine whether the internalized macromolecules reach the Golgi complex and whether their modification can occur in this compartment (Regoeczi et al., 1982; Farquhar, 1983) . As the functional properties of the cell adhesion molecules are dependent on the degree of sialylation, we cannot exclude the possibility that after modification these molecules may be delivered by exocytosis to the plasma membrane.
